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Abstract
Background: Epidemiological evidence suggests that moderately elevated levels of circulating insulin-like growth
factor-I (IGF-I) are associated with increased risk of breast cancer in women. How circulating IGF-I may promote
breast cancer incidence is unknown, however, increased IGF-I signaling is linked to trastuzumab resistance in ErbB2
positive breast cancer. Few models have directly examined the effect of moderately high levels of circulating IGF-I
on breast cancer initiation and progression. The purpose of this study was to assess the ability of circulating IGF-I
to independently initiate mammary tumorigenesis and/or accelerate the progression of ErbB2 mediated mammary
tumor growth.
Methods: We crossed heterozygous TTR-IGF-I mice with heterozygous MMTV-ErbB2 mice to generate 4 different
genotypes: TTR-IGF-I/MMTV-ErbB2 (bigenic), TTR-IGF-I only, MMTV-ErbB2 only, and wild type (wt). Virgin females
were palpated twice a week and harvested when tumors reached 1000 mm3. For study of normal development,
blood and tissue were harvested at 4, 6 and 9 weeks of age in TTR-IGF-I and wt mice.
Results: TTR-IGF-I and TTR-IGF-I/ErbB2 bigenic mice showed a moderate 35% increase in circulating total IGF-I
compared to ErbB2 and wt control mice. Elevation of circulating IGF-I had no effect upon pubertal mammary
gland development. The transgenic increase in IGF-I alone wasn’t sufficient to initiate mammary tumorigenesis.
Elevated circulating IGF-I had no effect upon ErbB2-induced mammary tumorigenesis or metastasis, with median
time to tumor formation being 30 wks and 33 wks in TTR-IGF-I/ErbB2 bigenic and ErbB2 mice respectively (p =
0.65). Levels of IGF-I in lysates from ErbB2/TTR-IGF-I tumors compared to ErbB2 was elevated in a similar manner to
the circulating IGF-I, however, there was no effect on the rate of tumor growth (p = 0.23). There were no
morphological differences in tumor type (solid adenocarcinomas) between bigenic and ErbB2 mammary glands.
Conclusion: Using the first transgenic animal model to elevate circulating levels of IGF-I to those comparable to
women at increased risk of breast cancer, we showed that moderately high levels of systemic IGF-I have no effect
on pubertal mammary gland development, initiating mammary tumorigenesis or promoting ErbB2 driven
mammary carcinogenesis. Our work suggests that ErbB2-induced mammary tumorigenesis is independent of the
normal variation in circulating levels of IGF-I.
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Background
IGF-I has the characteristics of both a circulating
hormone and a tissue growth factor. While numerous
studies have focused on the autocrine and/or paracrine
ability of IGF-I to regulate mammary gland development
and tumorigenesis [1], only a few have focused on the
role of circulating IGF-I [2]. Although it is known that
circulating levels of IGF-I vary considerably within the
normal population, meta-analysis of several studies have
shown that elevated serum IGF-I levels are associated
with increased risk of breast cancer in premenopausal
women [3]. Mammographic density is strongly related
to breast cancer risk [4] and evidence supports a posi-
tive correlation between circulating IGF-I levels and
mammographic density [5]. Supporting this, the IGF-I
axis correlates with birth weight, height, and parity, all
which have been show to be contributing breast cancer
risk factors [6,7]. Increased IGF-I signaling has also
been linked to trastuzumab resistance in ErbB2 positive
breast cancer [8] and blocking both the IGF-I receptor
(IGF-IR) and the ErbB2 receptor (ErbB2-R) inhibits
ErbB2 driven breast cancer cell growth [9]. Conversely,
antiestrogens that are effective in the treatment and pre-
vention of breast cancer have been consistently found to
lower serum IGF-I levels [10].
The idea that circulating IGF-I may regulate breast
cancer is persuasive, especially taking into account that
IGF-I, mediated by the endocrine actions of growth hor-
mone (GH), plays a vital role in regulating the developing
mammary gland [11]. The mammary gland can prolifer-
ate in response to IGF-I both in organ culture [12], and
by treatment of mice with an implant containing IGF-I in
the mammary gland [13]. Conversely, it has been shown
that there is very limited growth of IGF-IR-null mam-
mary epithelium [14]. In addition, IGF-I-null mice have
severely retarded mammary ductal development and
branching [11]. These and other studies support a model
whereby GH acts upon mammary stroma which pro-
duces IGF-I to stimulate pubertal mammary ductal out-
growth in a paracrine manner. However, recent studies
in mice with only circulating IGF-I and no local produc-
tion have shown that endocrine IGF-I can also support
mammary ductal growth [15,16]. We have previously
shown that circulating IGF-I, via tail vein administration,
results in activation of IGF signaling in the mammary
gland [17]. Conversely, using a novel GH antagonist, peg-
visomant, we showed that blocking GH action, which
results in a lowering of serum IGF-I levels can block
IGF-I signaling in the mammary gland and results in a
delay of mammary gland development [18].
It has been shown that little (lit/lit) mice, which have
only 10% of circulating IGF-1 levels, displayed a signifi-
cant reduction of growth of human MCF-7 cell
xenografts [19]. Similarly, deletion of the IGF-I gene in
the liver, resulting in an 80% reduction in circulating
IGF-I, delays chemically and transgenically-induced
mammary tumorigenesis and metastasis[20]. As compel-
ling as these studies may be in supporting the notion
that reduced circulating IGF-I may limit breast cancer
initiation and progression, the 10% level of circulating
IGF-I doesn’t mimic epidemiologic studies.
There are few mouse models that show moderate
changes in circulating IGF-I that are comparable to
human variation. We originally developed TTR-IGF-I
transgenic mice which overexpress IGF-I mRNA exclu-
sively in the liver and show a moderate but significant
increase in circulating levels of IGF-I [21]. Importantly
the 35% increase in circulating IGF-I demonstrated in
this model is comparable to the 31% increase in circu-
lating IGF-I levels shown to increase breast cancer risk
in premenopausal women [22]. The increase in our
model is significantly less than the 2.5-fold increase seen
in a similar TTR-IGF-I model recently reported by Wu
et al. [15]. To determine if increased levels of IGF-I can
initiate mammary tumorigenesis and/or promote ErbB2-
induced tumorigenesis, we crossed TTR-IGF-I trans-
genic mice with the well characterized MMTV-ErbB2
transgenic mice. Increased circulating IGF-I did not
alter pubertal mammary gland development or total
body composition. We show that although TTR-IGF-I
and bigenic mice had a 35% increase in circulating total
IGF-I compared to ErbB2 transgenic and control mice,
IGF-I alone was insufficient to cause mammary tumori-
genesis. Furthermore, the elevation of systemic IGF-I
had no effect on ErbB2-induced mammary tumorigen-
esis. Analysis of ErbB2-intiated tumors revealed no
major effect of increased circulating IGF-I on tumor
type (solid adenocarcinomas) or mammary gland signal-
ing. This is the first study using a transgenic animal
model that mimics the variation of normal circulating
levels of IGF-I in epidemiological studies. Our studies
show that elevated circulating IGF-I has no effect on
normal mammary gland development or ErbB2-induced
mammary tumorigenesis.
Methods
Animals and Experimental Design
All animals were housed under controlled conditions of
temperature (23°C), lights (lights on: 0600 h; lights off:
1800 h) and ad libitum access to food (Harland Teklad
Diet, Madison, WI) and tap water. The care and hand-
ling of animals used in this study followed the guidelines
established by the National Institutes of Health (NIH)
and all humane procedures were pre-approved by the
University Laboratory Animal Care Committee
(ULACC).
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Homozygous TTR-IGF-I (tg/tg) transgenic females on
a C57/Bl6 background were developed and characterized
previously [21]. Due to the known ability of the C57/Bl6
genetic background to inhibit oncogene-induced mam-
mary tumorigenesis[23], homozygous TTR-IGF-I mice
were first backcrossed to FVB/N mice for six genera-
tions to create homozygous TTR-IGF-I/FVB/N animals
in order to cross these animals with the ErbB2 mouse
model MMTV-c-Neu FVB/N. MMTV-c-Neu FVB/N
mice (Jackson Laboratories) are based on a mammary
specific overexpression of the ErbB2 receptor (a fre-
quently amplified oncogene in human breast cancer),
which results in mammary specific tumorigenesis[24].
Homozygous TTR-IGF-I and homozygous MMTV-c-
Neu FVB/N (further referred to as MMTV-ErbB2) mice
were crossed to FVB/N wild type mice to produce het-
erozygous transgenics. For mammary gland developmen-
tal studies heterozygous TTR-IGF-I (tg/wt) FVB females
and age-matched wild type FVB/N littermates (controls)
were sacrificed at 4 weeks, 6 weeks and 9 weeks of age.
Blood was collected and mammary glands processed for
paraffin blocks or whole mount analysis.
For the tumor studies heterozygous TTR-IGF-I (tg/wt)
mice were crossed with heterozygous MMTV-ErbB2
(tg/wt) mice. The resulting offspring had one of 4 geno-
types; heterozygous TTR-IGF-I (tg/wt), heterozygous
MMTV-ErbB2 (wt/tg), bigenic TTR-IGF-I/MMTV-
ErbB2 (tg/tg), or wild type controls (wt/wt). Female
were weaned at 21 days and housed five per cage and
monitored for mammary gland tumorigenesis. In all stu-
dies age-matched wild type littermates were used as
controls.
Mice were palpated twice weekly to determine time to
tumor formation, and once palpated, the rate of tumor
growth was determined by measuring the tumor size
with caliper measurements (millimeters/mm) and using
the formula for an ellipsoid sphere: L × W2/2 = mm3.
Mice were sacrificed when tumors reach 1000 mm3.
Once tumors reached 1000 mm3, mice were injected
with BrdU (100 mg/kg) for 2 hrs, sacrificed; and normal
mammary glands and mammary glands with tumors
were processed for paraffin blocks or frozen in liquid
nitrogen.
Whole gland morphological and histological analysis
For tumor and developmental studies mammary gland
whole mounts were processed as previously described
by Williams and Daniel [25] with the following modifi-
cations. The #4 inguinal mammary glands from the
right side were removed and spread flatly on the inner
surface of a 50 ml tube and fixed with with 10% Forma-
lin in PBS. The next day, tissue was placed in a cassette
and fat was removed using acetone for 48 hrs. Samples
were dehydrated in 100% ethanol (EtOH) for l hr, 95%
EtOH for 1 hr, and stained with Carmine Alum. Mam-
mary glands were destained as follows: H20 for 1 hr.;
70% EtOH for 1 hr.; 95% EtOH for 1 hr.; 100% EtOH 3
× for 1 hr.; and cleared in xylene 3 × for 1 hr. Finally
tissues were permanently stored in glass vials filled with
methylsalicylate until analyzed.
Percentage of fat pad filled was determined by mea-
suring (mm) the length of ductal out growth of #4 ingu-
inal normal mammary glands and dividing it by the
length of the total length of the mammary gland fat pad
at 4, 6 and 9 weeks of age.
Mammary gland tumors and #4 inguinal normal
mammary glands were harvested, placed in cassettes
and fixed in 4% paraformaldehyde in PBS overnight.
The following day, paraformaldehyde was replaced by
70% EtOH and samples were embedded in paraffin.
Serial sections (5 μm thick) cut from paraffin blocks
were placed on Superfost Plus slides (Fisher Scientific,
Fair Lawn, NJ), deparaffinized, gradually hydrated and
all sections stained with Hematoxylin-Eosin (H&E) and
then examined microscopically.
Immunoblot analysis
Frozen mammary glands were first crushed under liquid
nitrogen using a metal pestle and mortar. Crushed tissue
was lysed in TNESV buffer and 50 μg of tissue protein
lysate was immuonblotted as described previously [26].
We used the following antibodies at the listed concen-
trations: Anti-P85 1:1000 (Upstate Group, Inc., Lake
Placid, NY, USA), p-AKT 1:1000 (Cell Signaling Tech-
nology, Beverly, MA, USA), p-ERK1/2 1:1000 (Cell Sig-
naling Technology, Beverly, MA, USA), AKT 1:1000
(Cell Signaling Technology, Beverly, MA, USA), ERK1/2
1:4000 (Upstate Group, Inc., Lake Placid, NY, USA), and
b-actin 1:4000 (BD Biosciences, San Jose, CA, USA).
Hormone Assays
IGF-I levels were measured in serum using rat/mouse
IGF-I ELISA assay purchased from Immunodiagnostic
Systems (Boldon, Tyne & Wear, UK). The assay sensitiv-
ity was 82 ng/ml. IGF-I levels measured in mammary
gland tissue were measured by first crushing the tissue
under liquid nitrogen using a metal pestle and mortar.
Crushed tissue was then lysed in TNESV buffer and 10
μl of supernatant was assayed by a newly developed
mouse IGF-I High Sensitivity (HS) ELISA assay from
Immunodiagnostic Systems. The assay sensitivity was
2.8 ng/ml.
Statistical Analysis
In the tumor studies, weights between animals that
expressed the TTR-IGF-I transgene (TTR-IGF-I and
TTR-IGF-I/MMTV-ErbB2 bigenics) and those that did
not (wild type and MMTV-ErbB2 trangenics) were
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analyzed using ANOVA. All other analysis was done by
unpaired Student’s t test assuming random sampling.
Probability values < 0.05 were considered to be statisti-
cally significant. The IBM PC programs INSTAT and
PRISM software (GraphPad, San Diego, CA, USA) were
used to calculate and graph the results. Time to tumor
formation was analyzed using Kaplan-Meier survival
curves [27] and compared using the generalized Wil-
coxon test [28]. Tumor growth rates were analyzed by
computing the individual growth curve measurements
from time of primary tumor appearance to attaining a
size of 500 mm3. Then the growth rates for each mouse
were compared using a Student’s t test.
Results and Discussion
A moderate increase in levels of circulating IGF-I doesn’t
alter pubertal mammary gland development
To examine the effect of elevated circulating IGF-I on
pubertal mammary gland development and tumorigen-
esis, we crossed TTR-IGF-I heterozygous mice with
MMTV-ErbB2 heterozygous mice. MMTV-ErbB2 mice
are based on mammary specific overexpression of the
ErbB2 receptor (a frequently amplified oncogene in
human breast cancer), which results in mammary speci-
fic tumorigenesis [24]. The resulting offspring had one
of 4 genotypes; increased systemic IGF-I only (Tg/wt),
mammary specific ErbB2 overexpression only (wt/tg),
both systemic IGF-I and mammary ErbB2 bigenic
expression (tg/tg), or wild type controls (wt/wt). At 4
weeks of age there was a significant 9.5% increase in cir-
culating IGF-I levels in TTR-IGF-I transgenic females
(942.54 ± 21.57 ng/ml) compared to age matched con-
trols (860.91 ± 20.79 ng/ml) (data not shown). At 6
weeks of age, TTR-IGF-I transgenic mice (TTR-IGF-I
and TTR-IGF-I/ErbB2) showed a 35% increase in circu-
lating IGF-I compared to mice without the TTR-IGF-I
transgene (wt and ErbB2) (941.22 ±41.77 ng/ml vs.
743.69 ± 28.24 ng/ml - Figure 1A). As expected the
ErbB2 transgene did not affect the TTR-IGF-I trans-
genic stimulation of increased circulating IGF-I in these
animals. The increase in IGF-I caused a significant
increase (p < 0.05) in overall body growth in animals
expressing the TTR-IGF-I transgene during weeks 7, 10-
12, however, body weight was equal afterwards (Figure
1B). Interestingly, a minor sustained increase in body
growth in TTR-IGF-I trangenics was observed through-
out the time of mammary gland development. We pre-
viously reported that homozygous TTR-IGF-I on a
C57BL/6 genetic background had a 50% elevation of cir-
culating IGF-I and resulted in a similar 10% increase in
female bodyweight during weeks 8, 10-12 [21]. The
lower level of circulating IGF-I in heterozygous TTR-
IGF-I/FVB/N mice might be due to the use of heterozy-
gous mice, or the FVB/N genetic background. The lack
of a dramatic sustained growth difference in TTR-IGF-I/
C57BL/6 or TTR-IGF-I/FVB/N is interesting and may
reflect a threshold of IGF-I needed to observe a sizable
difference. In a similar manner, previous studies shown
that deletion of the liver IGF-I resulted in a dramatic
reduction in circulating IGF-I but had no effect upon
normal growth, and it wasn’t until the acid labile subu-
nit (ALS) was also deleted that levels went below a
threshold needed to see an effect upon overall body
growth [29,30].
Whole mount analysis revealed that higher levels of sys-
temic IGF-I had no effect upon the developing mammary
gland compared to controls at 4, 6 and 9 weeks of age
(Figure 2). More specifically, 26% of the mammary fat pad
in the control (wt) and 28% in the TTR-IGF-I (tg) groups
was filled with a developing ductal tree by 4 weeks of age.
Similar ductal growth patterns between the two groups
were also observed at 6 and 9 weeks of age, which is sum-
marized in Table 1. The lack of effect of circulating IGF-I
on mammary gland development is consistent with a pre-
vious studying showing that it is paracrine mammary
gland IGF-I that is primarily responsible for ductal devel-
opment [31]. Supporting this, ductal branching is signifi-
cantly reduced in mammary glands from adult transgenic
IGF-Im/m mice which have a multi-tissue (including mam-
mary gland) reduction in IGF-I production. However, in
IGF-I LID transgenic mice (deletion of liver-specific IGF-I)
mammary gland branching is unaffected by the 75%
reduction in circulating IGF-I [32]. Thus, it is unclear how
much circulating IGF-I is actually reaching the mammary
gland. It is possible that IGF-I is bound up, by IGF-I bind-
ing proteins (BP), in the extracellular matrix of the mam-
mary gland and is unable to bind to IGF-IR. In our initial
characterization of the TTR-IGF-I mouse, liver overex-
pression of IGF-I was also associated with increased circu-
lating levels of IGF-I BP3 [21], which may inhibit the
ability of free circulating IGF-I to act on the mammary
gland promoting growth and subsequent tumorigenesis.
Interestingly, the hepatic IGF-I transgenic mouse (HIT)
generated on the FVB/N background which has liver-spe-
cific production of circulating IGF-I (resulting in a 2.5-fold
increase in circulation IGF-I without an increase in hepatic
IGFI-BP3 or ALS [15] levels) has been shown to increase
mammary gland proliferation and cause hyperplasia at 6
to 8 wks of age [16]. In the same study, Cannata et al.
[16], showed that mice with transgenically increased circu-
lating IGF-I, but no tissue IGF-I (KO-HIT), mammary
gland proliferation was comparable to controls at 6 to 8
wks of age. Furthermore, the authors noted an increase in
ductal branching at 4 and 16 weeks of age but not at 8
wks of age in HIT mice, whereas circulating IGF-I in KO-
HIT mice can support mammary gland growth during this
period without local IGF-I [16]. HIT mice have been
shown to rescue developmental growth in IGF-I null mice
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but not correct reproductive deficiencies in these animals
as a result of the absence of tissue IGF-I [15].These studies
are compelling and support the notion that that circulat-
ing IGF-I has the ability to promote morphological
changes in mammary gland development, particularly in
the absence of local IGF-I. Importantly, no studies to date
have shown that a systemic increase in circulating IGF-I
can initiate and/or promote mammary tumorigenesis.
Increased circulating IGF-I doesn’t affect mammary gland
tumorigenesis
Bigenic IGF-I/ErbB2 virgin female mice showed palpable
mammary tumors beginning at 24 weeks of age and had
a mean time to tumor formation (MTTF) of 33 weeks
(Figure 3A). ErbB2 only transgenic virgin females
showed a similar tumor formation with the earliest
mammary tumors palpated at 24 weeks of age and a
MMTF of 30 weeks (Figure 3A). There was no differ-
ence in MTTF (p = 0.59). Importantly, increased circu-
lating levels of IGF-I had no affect on mammary tumor
incidence, as no mammary tumors were detected in the
TTR-IGF-I only mice (Figure 3A). While species varia-
tion in IGF-I signaling may play a role in our findings
compared to epidemiological data that currently exists
[3] a wealth of evidence confirms the common function-
ality of IGF-I signaling between humans and mice in
both normal growth and development, and numerous
human malignancies not just breast cancer [33].
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Figure 1 Liver specific transgene overexpression of IGF-I results in increased levels of circulating IGF-I and increased body weight. A.)
Overexpression of liver IGF-I (black bar) resulted in a significant (p < 0.01) increase in female serum levels of IGF-I measured at 6 weeks of age
compared to mice without the TTR-IGF-I transgene (white bar). B.) Females expressing the IGF-I transgene exhibited significantly (p < 0.05) larger
body weights at 7, 10-12 weeks of age due to increased circulating IGF-I compared to wt/ErbB2 only controls. No transgene = wt + ErbB2 only
females; IGF-I Transgene = TTR-IGF-I transgenic + TTR-IGF-I-ErbB2 bigenic females. N for each group is represented within their respective bars.
N = 30 animals per group for weight. ** p < 0.01; * p < 0.05.
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Mammary tumors from bigenic mice had signifi-
cantly (p < 0.05) higher bioavailable IGF-I protein
levels (110.84 ± 9.02) compared to mammary tumors
from ErbB2 only mice (73.97 ± 9.01) measured by
ELISA (Figure 3B). This elevation mimicked the
significantly increased (p < 0.05) circulating levels of
IGF-I measured in these animals (Figure 3B) and were
similar to the elevated levels in TTR-IGF-I animals at
6 wks of age (Figure 1A). However, there was no dif-
ference in IGF-I protein levels in the contralateral
normal mammary glands (no detectable tumor) from
the same animals (Figure 3B). The observed increase
in IGF-I in the bigenic tumors might simply be a
result of contamination from blood due to increased
blood flow in the tumors. However, it is also plausible
that the TTR-IGF-I transgene was activated in the
tumors resulting in increased paracrine IGF-I protein
levels which may have contributed to the measured
increase of IGF-I in these tumors. Given this, we care-
fully examined the growth rate of the tumors to test if
the increased IGF-I might alter tumor progression.
Therefore the rate of tumor growth was assessed by
comparing the tumor size (mm3) vs. the age in days of
all individual tumors in both the ErbB2 (left panel)
and bigenic groups (right panel; Figure 4). However,
Figure 4 clearly illustrates that increased levels of IGF-
I had no effect on the growth of ErbB2 tumors in
these animals (p = 0.23).
A complete analysis of the groups revealed that 95%
(19 of 20) of the bigenics and 90% (19 of 21) of the
ErbB2 only transgenic mice developed mammary
tumors. Furthermore, both groups of mice averaged
approximately the same number of mammary tumors
per animal (ErbB2 - 2.2 tumors/mouse and bigenic 2.3
tumors per mouse). This data is summarized in Table 2.
Whole mount (data not shown) and H&E analysis
revealed no major morphological differences in ductal
branching and tumor type (solid adenocarcinomas)
between bigenic and ErbB2 mammary glands at the
time tumors were harvested (Figure 5A). Furthermore,
immunoblot analysis revealed that circulating levels of
IGF-I seemingly had no effect on mammary gland sig-
naling (Figure 5B). As expected, AKT phosphorylation
was elevated in mammary gland tumors from both
bigenic and ErbB2 females. There were no observable
differences in ERK1/2 protein expression in mammary
gland tumors from either group. More importantly,
increased circulating IGF-I had no effect on normal
mammary gland signaling compared to groups that did
not express the TTR-IGF-I transgene (Figure 5B). Our
Wt-6wks
TTR-IGF-I-6wks
Wt-4wks
TTR-IGF-I-4wks
Wt-9wks
TTR-IGF-I-9wks
Figure 2 Increased circulating levels of IGF-I had no effect on
pubertal mammary gland growth. Representative whole mounts
of wild type (wt) and IGF-I transgenic (TTR-IGF-I) mammary glands
at 4 wks (top 2 panels), 6 wks (middle 2 panels), and 9 wks of age
(bottom 2 panels). N = 20 per group at 4 wks of age; N = 4 for WT
and N = 7 for TG at 6 wks of age; N = 7 for WT and N = 8 for TG
at 9 wks of age. WT = wild type and TG = TTR-IGF-I.
Table 1 Analysis of Mammary Gland Growth
Group Wild Type (control) Transgenic (TTR-IGF-I)
Average. % Fat Pad Filled 4 wks 26% 28%
Average. % Fat Pad Filled 6 wks 80% 87%
Average. % Fat Pad Filled 9 wks 82% 82%
There was no difference in mammary gland development compared to age-matched wild types at 4, 6 and 9 weeks of age as determined by percent of the
mammary fat pad filled with the ductal tree. N = 20 for WT and TG at 4 wks of age; N = 4 for WT and 7 for TG at 6 wks of age; N = 7 for WT and N = 8 for TG
at 9 wks of age. WT = wild type and TG = TTR-IGF-I
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Figure 4 Increased circulating IGF-I does not alter growth in ErbB2-induced mammary gland turmors. Graphs plotting individual tumor
growth curves for ErbB2 (left) and bigenic (right) females. Statistical analysis revealed that increased circulating levels of IGF-I (right) had no
significant (p = 0.23) affect on mammary tumor growth compared to ErbB2 only induced mammary tumors. N = 16 for ErbB2 group and 15 for
TTR-IGF-I-ErbB2 bigenic group.
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findings are similar to a previous report showing that
elevated levels of circulating IGF-I in HIT mice did
not alter IGF-I regulated downstream signaling path-
ways [16].
Conclusions
Epidemiological data suggests that increased circulating
IGF-I is associated with a women’s risk of developing
breast cancer [3]. On the other hand, experimental evi-
dence that increased circulating IGF-I is able to initiate
and/or regulate tumor growth has not yet been estab-
lished. Using the first transgenic animal model to simu-
late circulating levels of IGF-I that may be comparable
to levels in women susceptible to breast cancer, our
data suggest that modest elevation of circulating IGF-I
do not have a role in mammary tumor initiation or pro-
motion. More so, we showed that circulating IGF-I does
not alter normal pubertal mammary gland development;
thus supporting the established dogma that paracrine/
autocrine IGF-I regulated by GH is the preferred regula-
tory pathway responsible for mammary gland develop-
ment [34].
The inability of increased circulating IGF-I to initi-
ate mammary tumorigenesis in our model suggest that
the breast cancer risk associated with higher levels of
circulating IGF-I in women may, in part, be due to
IGF-I being associated or modulating another risk fac-
tor for breast cancer. Thus IGF-I may enhance a
women’s sensitivity to oncogenic promoters like ER
(estrogen receptor) or ErbB2. IGF-I has been shown to
Table 2 Comparing Groups: End of study tumor summary
ErbB2 Bigenic IGF-I Wild Type
Number of Tumors 19(20) = 95% 19(21) = 90% 0(25) 0(22)
Mean Time to Tumor Formation (MTTF) 224 days 30 wks/7.5 m 233 days 33 wks/8.3 m NA NA
Average Number of Tumors per Animal 2.2 (11) = 55% 2.3 (13) = 60% NA NA
Number of tumors = animals that got mammary tumors (total number of animals) %- percentage of animals with mammary tumors per group; Average number
of tumors per animal = average number of mammary gland tumors per animal (number of animals with multiple tumors), %- percentage of animals with
multiple tumors per group. NA = not applicable. ErbB2 = MMTV-ErbB2 transgenic; Bigenic = TTR-IGF-I-ErbB2 bigenic; IGF-I = TTR-IGF-I transgenic; Wild Type =
control; wks = weeks; m = months.
Erb-B2
Bigenic
M    M   M   T   M    T   M   T  M    T   M    T   M  T
p-AKT
Bigenic ErbB2
55kb -
B.A.
T-AKT
p-ERK 1/2
T-ERK 1/2
β-Actin
55kb -
44kb -
44kb -
42kb -
C I
Figure 5 Increased levels of circulating IGF-I have no effect on tumor type or mammary gland signaling. A.) Representative H&E staining
of mammary tumors promoted by MMTV-ErbB2 (top) or TTR-IGF-I-ErbB2 bigenic (bigenic-bottom). Both groups had similar tumor phenotypes
which were predominantly adenocarcinomas. B.) Representative immunoblot of phosphorylated (p) and total (T) AKT and Erk ½ signaling in
normal mammary glands (M) and tumors (T). *** = p < 0.001; Magnification: 40 ×. C = representative wild type females; I = representative TTR-
IGF-I transgenic females
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increase transcriptional activation of ER in breast can-
cer cell lines increasing cellular sensitivity to the
actions of estrogen [35,36]. However, estrogen has
been shown to activate the IGF pathway in MCF7L
xenographs independent of the level of circulating
IGF-I [37]. Furthermore, we showed that increased
circulating IGF-I levels had no effect on ErbB2 pro-
moted mammary tumorigenesis. This would suggest
the local interaction between the between the ErbB2
and IGF-I pathways previously shown [9,38] is inde-
pendent of circulating IGF-I and more likely depen-
dent upon alterations in autocrine/paracrine signaling
pathways in the breast.
This work culminates to suggest that circulating IGF-I
itself may not be directly altering breast cancer risk and
thus may not be a suitable target for successful treat-
ment. Further studies are required in additional models
to determine if this result is common across other
breast cancer subtypes.
Abbreviations
IGF-I: Insulin-like growth factor-I; GH: Growth hormone; HIT: Hepatic IGF-I
transgenic; KO-HIT: knockout mice expressing the hepatic IGF-I transgene;
LID: Liver IGF-I Deficient; Lit/lit: little transgenic mouse; Tg: transgenic; Wt:
wild type; mm: millimeters; EtOH: ethanol; H&E: Hematoxylin-Eosin.
Acknowledgements
We would like to thank Susan Durham, PhD and IDS for the generous
donation of the mouse IGF-I HS ELISA assay kits. This work was supported
in part by pilot project funding from the Dan L. Duncan Cancer Center at
Baylor College of Medicine. RK Dearth was supported by a postdoctoral
fellowship from The Susan G. Komen Breast Cancer Foundation
(PDF113306): Yu-Fen Wang is supported by a DOD (BC083130) pre-
doctoral award. AV Lee is a recipient of a T.T. Chao Scholar Award
(Department of Medicine, Baylor College of Medicine). J Xu is supported
by a NIH grant (CA112403).
Author details
1Lester and Sue Smith Breast Center, Baylor College of Medicine, One Baylor
Plaza, Houston, TX, 77030, USA. 2Department of Biology, University of Texas-
Pan American, 1201 West University Drive, Edinburg, TX, 78539, USA.
3Department of Molecular and Cellular Biology, Baylor College of Medicine,
One Baylor Plaza, Houston, TX, 77030, USA.
Authors’ contributions
RKD did all the animal work, tumor palpations, developmental study,
contributed to experimental design and drafted the manuscript. IK did all
Immunoblot signaling analysis and contributed to manuscript preparation.
YW participated in mammary gland immunohistochemistry (IHC) and
contributed to manuscript preparation. LL generated the TTR-IGF-I
transgenic mouse line. SGH did the statistical analysis and figure for tumor
growth rates.
PHB provided ErbB2 animals for the study and aided in revisions of the
manuscript. JX designed and provided TTR-IGF-I animals for the study, and
aided in revisions of the manuscript. AVL provided project idea, contributed
to experimental design and aided in writing of manuscript. All authors read
and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 26 May 2011 Accepted: 25 August 2011
Published: 25 August 2011
References
1. Sachdev D, Yee D: Inhibitors of insulin-like growth factor signaling: a
therapeutic approach for breast cancer. J Mammary Gland Biol Neoplasia
2006, 11:27-39.
2. Lann D, LeRoith D: The role of endocrine insulin-like growth factor-I
and insulin in breast cancer. J Mammary Gland Biol Neoplasia 2008,
13:371-379.
3. Renehan AG, Harvie M, Howell A: Insulin-like growth factor (IGF)-I, IGF
binding protein-3, and breast cancer risk: eight years on. Endocr Relat
Cancer 2006, 13:273-278.
4. Boyd NF, Lockwood GA, Byng JW, Tritchler DL, Yaffe MJ: Mammographic
densities and breast cancer risk. Cancer Epidemiol Biomarkers Prev 1998,
7:1133-1144.
5. Byrne C, Hankinson SE, Pollak M, Willett WC, Colditz GA, Speizer FE: Insulin-
like growth factors and mammographic density. Growth Horm IGF Res
2000, 10(Suppl A):S24-25.
6. Wagner K, Hemminki K, Grzybowska E, Klaes R, Burwinkel B, Bugert P,
Schmutzler RK, Wappenschmidt B, Butkiewicz D, Pamula J, et al:
Polymorphisms in genes involved in GH1 release and their association
with breast cancer risk. Carcinogenesis 2006, 27:1867-1875.
7. Lagiou P, Hsieh CC, Lipworth L, Samoli E, Okulicz W, Troisi R, Xu B, Hall P,
Ekbom A, Adami HO, Trichopoulos D: Insulin-like growth factor levels in
cord blood, birth weight and breast cancer risk. Br J Cancer 2009.
8. Lu Y, Zi X, Zhao Y, Mascarenhas D, Pollak M: Insulin-like growth factor-I
receptor signaling and resistance to trastuzumab (Herceptin). J Natl
Cancer Inst 2001, 93:1852-1857.
9. Camirand A, Lu Y, Pollak M: Co-targeting HER2/ErbB2 and insulin-like
growth factor-1 receptors causes synergistic inhibition of growth in
HER2-overexpressing breast cancer cells. Med Sci Monit 2002, 8:
BR521-526.
10. Pollak MN: Endocrine effects of IGF-I on normal and transformed breast
epithelial cells: potential relevance to strategies for breast cancer
treatment and prevention. Breast Cancer Res Treat 1998, 47:209-217.
11. Kleinberg DL, Feldman M, Ruan W: IGF-I: an essential factor in terminal
end bud formation and ductal morphogenesis. J Mammary Gland Biol
Neoplasia 2000, 5:7-17.
12. Stull MA, Richert MM, Loladze AV, Wood TL: Requirement for IGF-I in
epidermal growth factor-mediated cell cycle progression of mammary
epithelial cells. Endocrinology 2002, 143:1872-1879.
13. Ruan W, Kleinberg DL: Insulin-like growth factor I is essential for terminal
end bud formation and ductal morphogenesis during mammary
development. Endocrinology 1999, 140:5075-5081.
14. Bonnette SG, Hadsell DL: Targeted disruption of the IGF-I receptor gene
decreases cellular proliferation in mammary terminal end buds.
Endocrinology 2001, 142:4937-4945.
15. Wu Y, Sun H, Yakar S, LeRoith D: Elevated levels of insulin-like growth
factor (IGF)-I in serum rescue the severe growth retardation of IGF-I null
mice. Endocrinology 2009, 150:4395-4403.
16. Cannata D, Lann D, Wu Y, Elis S, Sun H, Yakar S, Lazzarino DA, Wood TL,
Leroith D: Elevated circulating IGF-I promotes mammary gland
development and proliferation. Endocrinology 2010, 151:5751-5761.
17. Lee AV, Taylor ST, Greenall J, Mills JD, Tonge DW, Zhang P, George J,
Fiorotto ML, Hadsell DL: Rapid induction of IGF-IR signaling in normal
and tumor tissue following intravenous injection of IGF-I in mice. Horm
Metab Res 2003, 35:651-655.
18. Divisova J, Kuiatse I, Lazard Z, Weiss H, Vreeland F, Hadsell DL, Schiff R,
Osborne CK, Lee AV: The growth hormone receptor antagonist
pegvisomant blocks both mammary gland development and MCF-7
breast cancer xenograft growth. Breast Cancer Res Treat 2006, 98:315-327.
19. Yang XF, Beamer WG, Huynh H, Pollak M: Reduced growth of human
breast cancer xenografts in hosts homozygous for the lit mutation.
Cancer Research 1996, 56:1509-1511.
20. Wu Y, Cui K, Miyoshi K, Hennighausen L, Green JE, Setser J, LeRoith D,
Yakar S: Reduced circulating insulin-like growth factor I levels delay the
onset of chemically and genetically induced mammary tumors. Cancer
Res 2003, 63:4384-4388.
21. Liao L, Dearth RK, Zhou S, Britton OL, Lee AV, Xu J: Liver-specific
overexpression of the insulin-like growth factor-I enhances somatic
growth and partially prevents the effects of growth hormone deficiency.
Endocrinology 2006, 147:3877-3888.
Dearth et al. BMC Cancer 2011, 11:377
http://www.biomedcentral.com/1471-2407/11/377
Page 9 of 10
22. Hankinson SE, Willett WC, Colditz GA, Hunter DJ, Michaud DS, Deroo B,
Rosner B, Speizer FE, Pollak M: Circulating concentrations of insulin-like
growth factor-I and risk of breast cancer. Lancet 1998, 351:1393-1396.
23. Rowse GJ, Ritland SR, Gendler SJ: Genetic modulation of neu proto-
oncogene-induced mammary tumorigenesis. Cancer Res 1998,
58:2675-2679.
24. Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD, Muller WJ:
Expression of the neu protooncogene in the mammary epithelium of
transgenic mice induces metastatic disease. Proc Natl Acad Sci USA 1992,
89:10578-10582.
25. Williams JM, Daniel CW: Mammary ductal elongation: differentiation of
myoepithelium and basal lamina during branching morphogenesis. Dev
Biol 1983, 97:274-290.
26. Lee AV, Zhang P, Ivanova M, Bonnette S, Oesterreich S, Rosen JM, Grimm S,
Hovey RC, Vonderhaar BK, Kahn CR, et al: Developmental and hormonal
signals dramatically alter the localization and abundance of insulin
receptor substrate proteins in the mammary gland. Endocrinology 2003,
144:2683-2694.
27. Kaplan EL, Meier PL: Nonparametric estimation from incomplete
observations. Journal of the American Statistical Association 1958,
53:457-481.
28. Collett D: Modeling survival data in medical research New York: Chapman &
Hall; 1994.
29. Liu JL, Yakar S, LeRoith D: Mice deficient in liver production of insulin-like
growth factor I display sexual dimorphism in growth hormone-
stimulated postnatal growth. Endocrinology 2000, 141:4436-4441.
30. Tang Z, Yu R, Lu Y, Parlow AF, Liu JL: Age-dependent onset of liver-
specific IGF-I gene deficiency and its persistence in old age: implications
for postnatal growth and insulin resistance in LID mice. Am J Physiol
Endocrinol Metab 2005, 289:E288-295.
31. Kleinberg DL, Wood TL, Furth PA, Lee AV: Growth hormone and insulin-
like growth factor-I in the transition from normal mammary
development to preneoplastic mammary lesions. Endocr Rev 2009,
30:51-74.
32. Richards RG, Klotz DM, Walker MP, Diaugustine RP: Mammary gland
branching morphogenesis is diminished in mice with a deficiency of
insulin-like growth factor-I (IGF-I), but not in mice with a liver-specific
deletion of IGF-I. Endocrinology 2004, 145:3106-3110.
33. Samani AA, Yakar S, LeRoith D, Brodt P: The role of the IGF system in
cancer growth and metastasis: overview and recent insights. Endocr Rev
2007, 28:20-47.
34. Kleinberg DL: Role of IGF-I in normal mammary development. Breast
Cancer Res Treat 1998, 47:201-208.
35. Lee AV, Jackson JG, Gooch JL, Hilsenbeck SG, Coronado-Heinsohn E,
Osborne CK, Yee D: Enhancement of insulin-like growth factor signaling
in human breast cancer: estrogen regulation of insulin receptor
substrate-1 expression in vitro and in vivo. Mol Endocrinol 1999,
13:787-796.
36. Stewart AJ, Johnson MD, May FE, Westley BR: Role of insulin-like growth
factors and the type I insulin-like growth factor receptor in the
estrogen-stimulated proliferation of human breast cancer cells. J Biol
Chem 1990, 265:21172-21178.
37. Lee AV, Weng CN, Jackson JG, Yee D: Activation of estrogen receptor-
mediated gene transcription by IGF-I in human breast cancer cells. J
Endocrinol 1997, 152:39-47.
38. Camirand A, Zakikhani M, Young F, Pollak M: Inhibition of insulin-like
growth factor-1 receptor signaling enhances growth-inhibitory and
proapoptotic effects of gefitinib (Iressa) in human breast cancer cells.
Breast Cancer Res 2005, 7:R570-579.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2407/11/377/prepub
doi:10.1186/1471-2407-11-377
Cite this article as: Dearth et al.: A moderate elevation of circulating
levels of IGF-I does not alter ErbB2 induced mammary tumorigenesis.
BMC Cancer 2011 11:377.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Dearth et al. BMC Cancer 2011, 11:377
http://www.biomedcentral.com/1471-2407/11/377
Page 10 of 10
